Because it contains the Nx gene, potato cv. 'Marls Piper' reacts hypersensitively to inoculation with group three strains of potato virus X (PVX). However, protoplasts prepared from aseptically grown shoot cultures of potato cv. 'Marls Piper' were infected reproducibly with either PVX or PVX RNA using inocula containing polyethylene glycol. The extent of infection of protoplasts was assessed by fluorescent antibody staining, and by assaying extracts for antigen by ELISA, for infectivity and for PVX RNA content by cDNA hybridization. Infection occurred in 43 to 65% of the protoplasts infected with PVX and in 57 to 70% of the protoplasts infected with PVX RNA. In comparison, when high quality protoplasts were obtained from leaves of potgrown plants 55 to 65% became infected when inoculated with PVX RNA. However, protoplasts obtained from leaves of whole plants varied greatly in both quantity and quality, whereas shoot cultures reproducibly gave high quality protoplast preparations in large numbers. In protoplasts from either source, yields of progeny virus were between 10 and 30 pg per infected protoplast. The multiplication of a group 3 strain of PVX in protoplasts containing the Nx gene did not induce necrosis and confirms that hypersensitivity is not always expressed in isolated protoplasts,
Protoplasts isolated from the mesophyll tissue of leaves can be synchronously infected with, and support the replication of, numerous plant viruses. As a high efficiency of infection can be achieved, protoplast systems have been extensively used for studying virus replication (Harrison & Mayo, 1983; Takebe, 1983) . However, the relative usefulness of different methods of preparing and inoculating mesophyll protoplasts depends on the combination of plant species and virus employed (Takebe, 1977) . Potato (Solanum tuberosum L. ssp. tuberosum) protoplasts have been little used in such studies despite the value of the crop and its susceptibility to several economically important virus diseases. Protoplast preparations from potato plants grown under glasshouse conditions are highly variable in quantity and quality, and yields are influenced greatly by the age and physiological state of the plants and the position of the leaf used for protoplast isolation~ (O'Hara & Henshaw, 1982) . We have found that these problems in consistently obtaining good yields of high quality protoplasts can be overcome by using aseptically grown shoot cultures as an alternative source of plant material. We report here a reliable and reproducible system for the infection of shoot culture-derived potato protoplasts with potato virus X (PVX).
Potato cultivar 'Marls Piper', which carries PVX hypersensitivity genes Nx and Nb (Cockerham, 1955 (Cockerham, , 1970 , was used both as a source of mesophyll protoplasts from whole leaves and to obtain shoot cultures. Establishment and maintenance of the cultures was based on the methods described by Thomas (1981) and Nelson et al. (1983) , Plants were grown from sprouted tubers in potting compost (John Innes No. 2) in a glasshouse at 16 to 25 °C with illumination of 7000 to 8000 lx at pot level for 16 h per day from mercury vapour lamps. Axillary buds were excised and surface sterilized by rinsing in absolute ethanol followed by soaking in a 10% (v/v) aqueous solution of household bleach (Parazone) for 20 min, and then rinsed thoroughly in six 0000-6504 © 1985 SGM washes of sterile, distilled water. The sterile buds were transferred to plastic capped jars (Gallenkamp) containing 50 ml of basal medium consisting of the inorganic salts and vitamins of Murashige & Skoog (1962) with 20 g/1 sucrose, 0.25 mg/16-benzylaminopurine (BAP) and 10 g/1 'Noble' agar (Difco). The buds were incubated under continuous illumination of 2500 lx at 25 °C. After initiation of the first shoots the cultures were propagated every 4 to 6 weeks by transferring stem segments possessing a leaf and an axillary bud to the above medium containing 0.05 mg/1 BAP (20 to 30 segments per jar).
The procedure for the isolation of protoplasts from shoot cultures was modified from that of Nelson et al. (1983) . Isolations were made from shoot cultures grown for about 4 weeks after subculturing ( Fig. 1 ). Shoots were cut into about 1 cm pieces and then samples of about 2 g were soaked overnight at 4 °C in 50 ml medium A (Shepard & Totten, 1977 ) containing 1.0 mg/1 napthaleneacetic acid, 0-5 mg/1 BAP but no sucrose or agar. Medium A was then replaced with 50 ml 0.45 M-mannitol pH 5.6, at 30 °C to plasmolyse the cells. After 30 min the mannitol was replaced with 50 ml 1.5 ~ Cellulase RI0 and 0.3 ~ Macerozyme R10 (Yakult Pharmaceutical Industry Co., Nishinomiya, Japan) in 0.4 M-mannitol and the major salts of medium A at pH 5.6. After incubation at 30 °C for 3 to 4 h in a shaking water-bath (50 strokes/min) in the dark, the released protoplasts were filtered through nylon mesh (75 ~tm) and washed three times by centrifuging at 50g for 40 s and resuspended in fresh 0.4 M-mannitol. This protocol consistently gave protoplast yields of 2 x 106 to 3 x 106 per g fresh weight.
Potato plants to be used directly as a source of protoplasts were grown as described above but were cut back to one stem only. The youngest, fully expanded leaves were employed. Protoplasts were isolated by a method similar to that described by Barker & Harrison (1982) except that the enzyme solution contained 0-2 ~ Cellulase RS (Yakult Pharmaceutical Industry Co.) and 0.5 Macerozyme R10, and protoplasts were sedimented at 50g for 40 s after isolation. This procedure gave highly variable yields of protoplasts.
Protoplasts were inoculated with PVX isolate DX (Jones, 1982) which belongs to PVX strain group 3 and causes a hypersensitive response in potato cultivars carrying gene N x (Cockerham, 1955 (Cockerham, , 1970 . Virus particles were purified from systemically infected leaves of Nicotiana glutinosa as described by Moreira et al. (1980) with an extra purification step of sedimentation in 10 to 4 0~ sucrose gradients in 0.01 u-sodium phosphate buffer pH 8.0. Purified virus was stored in 0.01 M-borate buffer pH 8.0 at -2 0 °C. To isolate PVX RNA, purified virus preparations at concentrations of 1 to 5 mg/ml were adjusted to 40 mM-Tris, 20 tara-acetic acid, 1 mM-EDTA, pH 8-1 (TAE buffer) and 0.25~o SDS. An equal volume of TAE-saturated phenol was then added and the mixture was shaken and incubated at 60 °C for 10 rain. Following centrifugation at 12000g for 3 min the aqueous phase was removed and re-extracted with 0.2ml TAEsaturated phenol. After ether extraction the RNA was precipitated at -20 °C by adding 2 vol. ice-cold ethanol and 0.1 vol. 2-5 M-sodium acetate. The precipitate was collected by centrifugation at 12000 g for 15 min, dried in vacuo, resuspended in sterile, deionized water and stored at -70 °C.
Freshly prepared protoplasts were inoculated using either 40~o polyethylene glycol and 50 to 100 ~tg PVX RNA per 106 protoplasts as described by Maule et al. (1980) or 30~o polyethylene glycol and 50 ~tg of intact virus particles per 2 x 106 protoplasts as described by Maule (1983) . Infection was established by incubating the protoptasts at room temperature for 30 min before washing. Protoplasts inoculated with PVX RNA were washed three times with 0-4 M-mannitol + 0-1 mM-CaClz; those inoculated with virus particles were washed four times with 0.4 Mmannitol + 1 mM-CaC12. Protoplasts were cultured at 1 x 105 to 2 × 105 per ml in the minimal salts medium of Takebe (1977) except that mannitol was 0-4 M and the antibiotics were 200 Ilg/ml carbenicillin and 75 units/ml nystatin. Protoplasts were incubated for 40 h at 22 °C with continuous lighting of 2000 Ix. Their viability was determined by staining with phenosafranine (Widholm, 1972) .
For fluorescent antibody staining, the globulin fraction of PVX antiserum (supplied by Dr L. Torrance) was conjugated with fluorescein isothiocyanate as described by Otsuki & Takebe (1969) and protoplasts were stained as described by Kubo et al. (1975) followed by counterstaining with 0-5 ~ methylene blue. The specific fluorescence in infected protoplasts appeared as general cytoplasmic staining outlining the chloroplasts with some local spots of more intense fluorescence (Fig. 2) . This pattern is similar to that seen in PVX-infected tobacco protoplasts by Shalla & Peterson (1973) and Otsuki et al. (1974) . Between 57 and 70~ of protoplasts derived from shoot cultures became infected when inoculated with PVX RNA and 43 to 65 ~o became infected when inoculated with whole virus. A similar proportion, that is 55 to 65~o, of protoplasts derived from leaves of pot-grown plants became infected when inoculated with PVX RNA. However, because of the variable quantity and quality of these protoplasts we did not attempt to inoculate them with virus particles.
After incubation, samples of control mock-inoculated and infected protoplasts were counted, collected by centrifugation and then assayed by ELISA (Clark & Adams, 1977) . In order to quantify the results, a twofold dilution series of a purified virus preparation was included in each microtitre plate and all tests were done in duplicate wells. Protoplasts from either source and inoculated by either method contained between 10 and 30 pg of virus per infected protoplast after 40 h culture. Assuming the E~m, 260 of PVX to be 2.97 (Bercks, 1970) and the mol. wt. of a PVX particle to be 3.5 x 107 (Reichmann, 1959) infected protoplasts contained between 2 × 105 and 5 x 105 particles/protoplast. Infectivity was assayed on half-leaves of Chenopodium amaranticolor. Extracts of 5000 protoplasts in 0.1 ml gave between 15 and 20 lesions/half-leaf and purified virus at 1 gg/ml gave an average of 40 lesions. Interpolation on a graph of log lesion number against concentration gave an estimate of about 16 pg virus per infected protoplast 40 h after inoculation. These values of virus accumulation per infected protoplast were comparable to those obtained by ELISA.
To prepare a radioactivity labelled c D N A probe, PVX R N A was subjected to electrophoresis in 1% agarose gels containing TAE and the band of PVX R N A was excised. The R N A was recovered by electroelution (Zassenhaus et al., 1982) , phenol-extracted and ethanolprecipitated. A 32p-labelled c D N A probe was prepared as described by Taylor et al. (1976) and Gould & Symons (1978) . Healthy or infected shoot culture-derived protoplasts inoculated with whole virus were collected by centrifugation immediately after inoculation or after culture for 24 or 40 h. The protoplasts were resuspended in TAE buffer and R N A extracted as described for virus particles. After electrophoresis in agarose gels containing 5 mM-methylmercury (Bailey & Davidson, 1976 ) R N A was blotted to 'Gene Screen' support membrane (New England Nuclear) and hybridized to PVX c D N A essentially as described by Thomas (1980) . Autoradiographs show a major band, co-migrating with PVX RNA, in R N A from PVX-infected protoplasts (Fig.  3 ). The PVX R N A detected immediately following inoculation was due to residual inoculum. The smaller nucleic acid species visible in Fig. 3 (b, c) are the subject of further investigation.
Protoplasts isolated from potato shoot cultures can be infected with PVX, and support virus multiplication to an extent similar to that supported by high quality protoplasts isolated from the mesophyll tissue of whole leaves. However, shoot cultures have advantages over whole leaves in that they are easily maintained and consistently yield sterile, high quality protoplast preparations.
Gene Nx, which determines a hypersensitive response to group 3 strains of PVX, is not phenotypically expressed in potato protoplasts. This observation is consistent with the behaviour of other viruses in hypersensitive hosts such as cucumber mosaic virus or tobacco necrosis virus in cowpea protoplasts (Koike et al., 1977; Gonda & Symons, 1979; Oldfield & Coutts, 1980 ) and tobacco mosaic virus in tomato or tobacco protoplasts (Motoyoshi & Oshima, 1977; Otsuki et al., 1972) . The behaviour of isolate DX and of other strains of the virus in cultivars of different genetic background regarding resistance genes is under investigation.
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